Oriented cell division is a fundamental determinant of tissue organization. Simple epithelia divide symmetrically in the plane of the monolayer to preserve organ structure during epithelial morphogenesis and tissue turnover. For this to occur, mitotic spindles must be stringently oriented in the Z-axis, thereby establishing the perpendicular division plane between daughter cells. Spatial cues are thought to play important roles in spindle orientation, notably during asymmetric cell division. The molecular nature of the cortical cues that guide the spindle during symmetric cell division, however, is poorly understood. Here we show directly for the first time that cadherin adhesion receptors are required for planar spindle orientation in mammalian epithelia. Importantly, spindle orientation was disrupted without affecting tissue cohesion or epithelial polarity. This suggests that cadherin receptors can serve as cues for spindle orientation during symmetric cell division. We further show that disrupting cadherin function perturbed the cortical localization of APC, a microtubuleinteracting protein that was required for planar spindle orientation. Together, these findings establish a novel morphogenetic function for cadherin adhesion receptors to guide spindle orientation during symmetric cell division.
INTRODUCTION
Correctly oriented cell division in three-dimensional tissues relies on the precise positioning of the mitotic spindle prior to sister chromatid separation in anaphase (Rappaport, 1971) . The mitotic spindle, in turn, responds to spatial cues, which orient it relative to the cell cortex (Ahringer, 2003; Thery and Bornens, 2006; Thery et al., 2007) . Much of our understanding of spindle orientation in tissue populations comes from studies of asymmetric cell division in Drosophila and C. elegans, where cell constituents are divided unequally between daughter cells (Doe and Bowerman, 2001 ; Kaltschmidt and Brand, 2002; Betschinger and Knoblich, 2004; Roegiers and Jan, 2004) . In such cases, spindle orientation can be determined by cell shape, where the balance of forces on astral microtubules from the cell cortex centres the spindle along the long axis. Alternatively, specific molecular cues that localise to the cortex via polarity factors are hypothesised to act by binding astral microtubules or by exerting pulling or pushing forces on the spindle.
Cells in simple polarised epithelia, however, must divide symmetrically within the plane of the monolayer (Fleming et al., 2007) ; failure to achieve this is predicted to cause cells to grow out of the monolayer, disrupting tissue architecture (BaenaLopez et al., 2005) . Symmetric division requires that mitotic spindles be stringently oriented in the Z-axis, so that the division plane between daughter cells is perpendicular to the plane of the monolayer. However, little is known about the spatial cues that might instruct spindle orientation in the Z-axis in symmetricallydividing cells. Studies using isolated mammalian epithelial cells identified roles for cell shape (O'Connell and Wang, 2000) and the extracellular matrix (ECM) (Thery et al., 2005) in orienting spindles in the XY-plane. Integrin adhesion also affects Z-axis orientation in isolated non-polarised cells (Toyoshima and Nishida, 2007) . But these reports did not address how spindles become oriented in the Z-axis when polarised cells are organised into coherent populations. Therefore, in this study, we sought to identify spatial cues that orient the mitotic spindle in the Z-axis to thereby ensure the formation of organised epithelial sheets. 5 were: sense strand 5'-UGCGGCUACAGUCAGAAUUtt-3' and antisense strand 5'-AAUUCUGACUGUAGCCGCAtt-3'. siRNA directed against APC were designed based on previously-published sequences (Grohmann et al., 2007) . Cells were analysed two days post-transfection, except for APC depletion where cells were transfected a second time after 2 days and examined 4 days afterwards. All cell dimension and spindle angle calculations were performed on cells with no detectable E-cadherin or cadherin-6 or APC by immunofluorescence staining.
Perturbing cell-cell adhesion. MDCK cells grown on glass coverslips to 100%
confluence were washed twice with, then incubated in, Hank's balanced salt solution (HBSS, Sigma) containing 15 mM Hepes, pH 7.4 and either 30 M CaCl 2 (reduced calcium) or 1.8 mM CaCl 2 (control) for 1.5 h at 37ºC. MCF10A cells grown on glass coverslips to 80100% confluence were similarly treated with HBSS containing 15 mM Hepes, pH 7.4 and either 0 mM or 1.8 mM CaCl 2 for 2 h at 37ºC. For E-cadherin function-blocking antibody experiments, MCF10A cells were incubated in the absence of CaCl 2 as above to disrupt cell-cell contacts, followed by incubation for 5 h at 37ºC in complete medium either lacking or containing mouse monoclonal antibody SHE78-7 (4 mg/ml; Zymed Laboratories) directed against the human E-cadherin ectodomain.
E-cadherin-mediated cell attachment to substrata. Recombinant hE/Fc consisting of the ectodomain of E-cadherin fused to the Fc portion of IgG was purified and adsorbed to cover slips, as previously described (Kovacs et al., 2002b) . To harvest mitotic hE-CHO cells, late G2 phase/mitosis-synchronised hE-CHO cultures were gently washed with HBSS/Ca, then mitotic cells were shaken off by vigorous tapping.
Alternatively, synchronised cells were harvested by treatment with 0.01% crystalline porcine trypsin (Sigma) in HBSS/Ca for 5 min at 37C, followed by centrifugation at 1500 rpm for 3 min and resuspension in 1 ml HBSS/Ca. Cells were then seeded onto hE/Fc-and BSA-treated coverslips and incubated at 37C for 1.5 h.
Western Analysis. Cells were lysed in 1 x SDS-PAGE sample buffer (50 mM Tris.Cl, pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol), and extracts were incubated at 100ºC for 5 min. Proteins were separated by SDS-PAGE, transferred to nitrocellulose and probed with appropriate primary and HRP-tagged secondary antibodies in 5% skim milk powder in 0.1% Tween-20/PBS solution, followed by detection by chemiluminescence. The following primary antibodies were 6 used: mouse antibody to E-cadherin cytoplasmic tail (BD Biosciences, 1:100); rabbit anti-pan-cadherin (PEP-1, a gift from B. Gumbiner, 1:2000); rabbit anti-cadherin-6 (gift from R. M. Mège, 1:5000); mouse anti--catenin (BD Biosciences, 1:2000); rabbit anti--catenin (Zymed Laboratories, 1:500); rabbit anti-GFP (Invitrogen, 1:1000); rabbit anti-GAPDH (R&D Systems, 1:5000); and mouse anti--tubulin (Sigma-Aldrich, 1:5000). HRP-tagged secondary antibodies (Bio-Rad Laboratories) were used at 1:5000.
Immunofluorescence. To stain for actin and Dlg1, cells were fixed in 4% paraformaldehyde in cytoskeletal buffer (10 mM PIPES, pH 6.8, 100 mM KCl, 300 mM sucrose, 2 mM EGTA, 2 mM MgCl 2 ) for 30 min at room temperature, followed by permeabilisation in 0.25% Triton X-100 in PBS for 5 min. For cadherin-6, cells were similarly fixed, then permeabilised in 0.5% Triton X-100 in PBS for 15 min, or, for costaining with APC, were processed according to the APC protocol. For APC immunofluorescence, cells were fixed in  20ºC methanol for 5 min, followed by treatment with 0.2% Triton X-100 in PBS for 10 min. For LGN staining, cells were pre-permeabilised in 1% Triton X-100 in PEM buffer (100 mM PIPES, pH 6.8, 5 mM EGTA, 2.5 mM MgCl 2 ) at 37ºC for 5 min, then fixed in 4% paraformaldehyde in PBS for 30 min at room temperature. For dynein, cells were pre-permeabilised in 0.5% Triton X-100 in PHEM buffer (100 mM PIPES, pH 6.8, 25 mM Hepes, pH 7.4, 5 mM EGTA, 2.5 mM MgCl 2 ) at 37ºC for 35 min, followed by fixation in 3.2% paraformaldehyde in PHEM buffer for 20 min at room temperature, then post-fixation in  20ºC methanol for 5 min. For all other antibodies, cells were either processed as above for co-staining experiments, or were fixed in  20ºC methanol for 5 min. Cells were processed for immunofluorescence as previously described (Kovacs et al., 2002b) .
The following antibodies were used: rat antibody specific for canine Ecadherin ectodomain (DECMA-1, Sigma-Aldrich, 1:200); mouse antibody to canine E-cadherin ectodomain (3B8 hybridoma supernatant, 1:200); rat antibody to Ecadherin ectodomain (ECCD2, Zymed Laboratories, 1:200); mouse antibody to Ecadherin cytoplasmic tail (BD Biosciences, 1:100); rabbit antibody to E-cadherin cytoplasmic tail (1:200) (Scott et al., 2006) ; rabbit anti-cadherin-6 (gift from R. M.
Mège, 1:500); rabbit anti--catenin (gift from B. Gumbiner, 1:1000); mouse anti--catenin (BD Biosciences, 1:100); rabbit anti--catenin (gift from B. Gumbiner, 1:100); increment from 090 (mean ± SE, n = 3 experiments).
Statistical analyses. The Kolmogorov-Smirnov test was used to test the normality of data sample distributions. Most spindle angle data samples deviated from the Gaussian distribution. Thus, the non-parametric Mann-Whitney test (two-tailed test,  = 0.05) was used to compare medians of samples. The non-parametric Spearman test (two-tailed test,  = 0.05) was used to correlate sample parameters. All statistical analyses were performed using GraphPad Prism software.
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RESULTS
Cell shape does not correlate with planar spindle orientation in epithelial monolayers.
As cell shape has been implicated in spindle orientation, we began by assessing whether this parameter might also influence spindle orientation in the Z-axis using
Mardin-Darby Canine Kidney II (MDCK II) epithelial monolayers (Fig 1a) . Whilst polarized epithelia are often columnar, the geometry of mitotic cells, which undergo extensive cell rounding, has not been reported. If cell shape were responsible for the division plane, then changes in cell height:width ratios would be expected to alter spindle orientation. To obtain cells with different geometries, MDCK cells were grown on coverslips to different confluencies, or on polycarbonate transwell filters to high density. Mean cell height, cell width and pole-to-pole spindle length of metaphase cells were measured and compared with the mean spindle angle of neighbouring anaphase cells (Fig. 1 ). Cell dimensions were taken in metaphase (Fig 1b) , as this is when the spindle is at its longest prior to sister chromatid separation, and thus any geometric constraints on spindle movements would be expected to be at their greatest. Anaphase cells were used for spindle angle measurements to avoid inaccuracies resulting from spindle orientation changes during metaphase (Fig 1c) .
We found no correlation between cell shape and mitotic spindle orientation in polarised epithelial sheets ( Fig. 1 d,e). In subconfluent monolayers, cell shape had the potential to constrain spindle orientation to some degree (Fig 1b) , as cell height (8.2  0.3 m) in these flat cells was only slightly greater than the spindle length (7.9  0.2 m). However, cells grown on transwell filters were almost box-like (height:width ratio = 0.8), and the mean cell height (16.8  0.2 m) was far greater than spindle length (6.0  0.1 m). Despite this significant increase in cell height relative to width, the mean spindle angle relative to the plane of the monolayer was still less than 6º (Fig 1d) . Moreover, there was no statistically significant correlation between metaphase cell height:width ratios and the orientation of the mitotic spindle in anaphase (Fig. 1e ). This implied that another mechanism must exist to orient spindles in polarised epithelial cells.
Cell-cell contact is necessary for planar spindle orientation. As simple polarized epithelia prepare to divide, their mitotic spindles orient with their poles and astral microtubules directed out towards the cell-cell contacts (Reinsch and Karsenti, 1994) . Components of the lateral membrane have long been regarded as attractive candidates to act as spatial cues for the spindles. However, the precise molecular identity of any such cues has not been definitively established.
To test whether cell-cell contact is necessary for the fidelity of Z-axis spindle orientation, we measured anaphase spindle angles in MDCK cells after their cell-cell interactions were disrupted by depleting extracellular calcium (Fig 2a) . In contrast to intact controls, many anaphase spindle poles were found poking up above the plane of the monolayer when contacts were perturbed (Fig. 2b) . Whereas 96% of anaphase cells with intact cell-cell contacts divided with an angle < 10º relative to the plane of the monolayer, this was reduced to only 17% in monolayers lacking cell-cell contacts (Fig. 2c ). This strongly suggested that cell-cell interactions can affect spindle orientation in simple epithelial monolayers.
Cell-cell contact concentrates many proteins at the lateral cortex (RodriguezBoulan and Nelson, 1989) . We focussed on a potential spindle orientation role for cadherin adhesion receptors, major determinants of epithelial cell-cell interactions, which accumulate at the lateral surface close to the spindles in our cells (Fig 1a) and in earlier studies (Reinsch and Karsenti, 1994) . Moreover, asymmetric accumulation of cadherins and adherens junctions components is implicated in spindle orientation during asymmetric cell division (Le Borgne et al., 2002; Yamashita et al., 2003) .
We therefore asked whether the impact of calcium chelation on spindle orientation involves cadherin adhesion (Fig 3) . For this, we used the capacity of monoclonal antibody (mAb) SHE 78-7, directed against the ectodomain of human Ecadherin, to potently block adhesive binding (Kovacs et al., 2002b) . As this mAb is species specific, we performed these studies in MCF10A cells, which form simple polarised monolayers in culture. We confirmed that chelation of extracellular calcium disrupts cell-cell contacts and misorients spindles in MCF10A cells as it does in MDCK cells (Fig. 3a-c) . Further, we found that spindle orientation was corrected when cell-cell contact was restored by addition of extracellular calcium (Fig. 3c) .
However, spindles remained misoriented when E-cadherin function was blocked with mAb SHE 78-7, despite restoration of extracellular calcium (Fig. 3b,c) , being perturbed to the same extent as incubating cells in the absence of calcium.
Therefore, preventing productive E-cadherin ligation blocked the ability of cells to correct spindle orientation even when calcium was restored.
DN-E-cadherin selectively perturbs planar spindle orientation. Cadherin adhesion
supports many key aspects of epithelial biogenesis, including the integrity of cell-cell contacts (cohesion), assembly of specialized junctions (tight junctions, desmosomes)
and apico-basal cell polarity (Takeichi, 1995 To pursue this question, we used a dominant-negative (DN) mutant of Ecadherin (GFP-DN E-cadherin; Fig. 4a ) consisting of the entire cytoplasmic tail expressed as a cytoplasmic protein. We performed these experiments in MDCK cells, which had the most dramatic response of spindle orientation to changes in cellcell contact (Fig. 2) . Consistent with the ability of the cadherin tail alone to bind and stabilise catenins, total protein levels of both -and -catenin were elevated ( Figure   4c ), forming prominent cytoplasmic pools (Fig. 4b) . Total levels of endogenous Ecadherin were somewhat reduced (Figure 4c ), and its junctional staining was significantly decreased (Fig. 4b) .
GFP-DN E-cadherin perturbed the orientation of the spindle. Over half the cells expressing GFP-DN E-cadherin showed anaphase spindle angles > 10º from the plane of the monolayer, whereas the majority of control cells (87%) expressing GFP alone showed spindle angles < 10% from the monolayer plane (Fig. 3d,e) .
Importantly, cells with misoriented spindles preserved the integrity of their contacts with other cells, as demonstrated by staining for F-actin and desmosomes (desmoplakin) which showed no identifiable gaps in the monolayer (Fig 5a) .
Moreover, Na,K-ATPase remained localised to basolateral domains while tight junctions (identified by claudin-4 and ZO-1) persisted at the apical interface between cells (Fig. 5a) ; nor did GFP-DN E-cadherin significantly affect the localisation of the polarity determinants Par3, aPKC, Lgl1, Dlg1 and Scribble (Fig 5b) . This indicated that the ability of cadherin to control spindle orientation was not simply due to its ability to support cell-cell cohesion, junctional assembly or cell polarity. Thus the impact of cadherin on spindle orientation appeared to be experimentally distinguishable from these other major functions of cadherin adhesion.
Homophilic cadherin ligation directs spindle orientation in non-polarized cells.
Cadherin receptors could influence spindle orientation by themselves acting as cortical cues or by allowing other juxtacrine signals to be activated when adhesion brings cell surfaces together (Yap and Kovacs, 2003 (Fig 6) . In earlier studies we showed that interphase hE-CHO cells adhere to hE/Fc in a cadherin-dependent fashion, with no evidence of integrin signaling, and reorganize cadherin clusters and the cortical actin cytoskeleton at the basal surfaces that are in contact with the cadherin ligand (Kovacs et al., 2002a; Kovacs et al., 2002b; Scott et al., 2006) .
hE-CHO cells plated onto control coverslips divided horizontally, with a mean spindle angle of 3, and with 94% of cells having a spindle angle less than 10º from the plane of the substratum (Fig. 6 ). In contrast, when hE-CHO cells were plated onto hE/Fc, the mean angle was increased five-fold and the proportion of anaphase spindles within 10º of the substratum was substantially reduced. Indeed, a significant number of cells plated on hE/Fc showed spindle angles > 20 o from the horizontal, which were not seen in controls. Thus, concentration of E-cadherin in a defined region of the cortex can alter spindle orientation in the Z-axis, a result that confirms the capacity of E-cadherin to act as an instructive spatial cue to influence mitotic spindle orientation. Interestingly, this effect of cadherin substrata on spindle orientation contrasts with that observed for integrin adhesion to matrix proteins, which preserves spindle orientation parallel to the substrate in isolated cells (Toyoshima and Nishida, 2007) .
E-cadherin and Cadherin-6 exert redundant effects on planar spindle orientation.
We then tested whether controlling spindle orientation was a property specific to Ecadherin by exploiting the fact that MDCK cells express both E-cadherin and cadherin-6 (Stewart et al., 2000) . To our surprise, we found that depletion of Ecadherin by RNAi had no effect on spindle orientation (Fig. 7 a,c,d) ; nor did it disrupt cell-cell cohesion or the junctional localisation of catenins (not shown), consistent with earlier reports of potential compensation by cadherin-6, a type II cadherin that also binds catenins (Fig. 7b) (Stewart et al., 2000; Capaldo and Macara, 2007) .
Spindle orientation was perturbed, however, in cells depleted of both E-cadherin and cadherin-6 by RNAi (Fig. 7 a,c,d ). Z-axis orientation was restored in double knock-13 down (KD) cells expressing human E-cadherin-GFP, which was resistant to caninespecific siRNAs (Fig. 7 c,d ).
Again, it is noteworthy that monolayer cohesion was not disrupted by double cadherin KD (Fig 7b, F-actin (Busson et al., 1998; Ligon et al., 2001) (Fig 8) .
However, we observed a striking effect of GFP-DN E-cadherin on the cortical localization of APC (Fig 9) . Using two different antibodies, we found that APC consistently localised to the cell cortex at the apico-lateral region of mitotic MDCK cells in the same Z-region as the mitotic spindle (Fig. 9a) . However, this cortical APC staining was lost in cells expressing GFP-DN E-cadherin (Fig. 9b) . Furthermore, junctional APC was preserved in cells depleted of E-cadherin alone, but was lost in double E-cadherin/cadherin-6 KD cells and restored by exogenous human Ecadherin-GFP (Fig 9b) . Thus, these findings identify cadherin adhesion as a regulator of APC cortical localization during mitosis and demonstrate that loss of junctional APC correlates strictly with conditions that perturb planar spindle orientation.
To test the potential significance of APC for planar spindle orientation, we depleted APC by siRNA (Fig 9c,d ). This largely abolished junctional staining of APC and substantially reduced total cellular levels assessed by western blotting (Fig 9c) .
Spindle orientation was significantly perturbed in APC KD cells (Fig 9d) . Whereas 
DISCUSSION
Classical cadherins, such as E-cadherin, have long been acknowledged to exert profound effects on tissue morphogenesis (Tepass et al., 2000) . Their morphogenetic impact is likely mediated through multiple cellular mechanisms, including cell surface adhesion, cell-cell recognition and regulation of the actin cytoskeleton. Our present findings establish a novel mechanism for classical cadherins to affect tissue organization, by acting as cues that orient the mitotic spindle during symmetric cell divisions in mammalian epithelia.
We found that planar spindle orientation in simple polarized epithelia was consistently disrupted when cadherin function was perturbed. This is consistent with earlier reports from Drosophila and C. elegans that implicated adherens junction integrity as an important factor in spindle orientation. Many of those earlier studies, however, used indirect manuvers (McCartney et al., 2001) , such as Crumbs mutants (Lu et al., 2001) , to perturb adherens junction integrity, rather than directly manipulating the cadherin itself. Moreover, although cadherins are important components of adherens junctions, they are not the only constitutents of these junctions, which contain a range of other adhesion molecules, such as nectins (Takai et al., 2008) and echinoid (Wei et al., 2005) , that have extensive impact on cell behaviour. By using multiple techniques that specifically target cadherin function, including blocking antibodies, dominant-negative mutants and RNAi, our current experiments therefore allow us to extend these earlier studies to directly implicate cadherin receptors themselves in control of spindle orientation.
Of course, classical cadherins have diverse effects on epithelial organization, including maintenance of cell-cell cohesion, supporting other specialized junctions and apico-basal polarity. It was possible that the spindle misorientation that we observed arose as a consequence of these other effects of cadherins. Thus it is noteworthy that expression of the DN-E-cadherin mutant perturbed spindle orientation without overtly disrupting the cohesion of cell-cell contacts, other junctions or apico-basal polarity. Similarly, cell-cell cohesion was preserved in Ecadherin/cadherin-6 KD monolayers that misoriented their spindles. While we cannot exclude subtle effects, these data strongly suggest that the ability of cadherin to influence planar spindle orientation may be a function experimentally distinguishable from its other major effects on epithelial organization. The notion that cadherin 15 influences spindle orientation by serving as a spatial cue is reinforced by our demonstration that local ligation of cadherin receptors can reorient the spindle even in non-polarized cells.
Identifying the molecular mechanism that allows cadherins to control spindle orientation will be an important challenge for the future. Amongst a range of potential cortical positioning factors that we screened, APC emerged as an interesting candidate to serve this function. APC has been identified as a spindle-positioning factor in Drosophila (Lu et al., 2001; McCartney et al., 2001; Yamashita et al., 2003) and in isolated mammalian and yeast cells (Green et al., 2005) , although exceptions exist (McCartney et al., 2006) . We observed that APC localized at cell-cell junctions, as has been reported previously (Rosin-Arbesfeld et al., 2001) , and this junctional localization was lost when cadherin function was perturbed. Thus, loss of junctional APC correlated well with conditions that cause spindle misorientation. Moreover, depletion of cellular APC caused spindle misorientation akin to that seen when cadherin function was manipulated. This is further consistent with recent evidence of spindle misorientation in intestinal epithelial cells from APC Min/+ mice (Fleming et al., 2009 ).
These observations make APC an attractive candidate to mediate between cadherins and the mitotic spindle. However, it should be noted that APC can affect mitosis in other ways, that include altering spindle dynamics and microtubule attachment to kinetochores (McCartney and Nathke, 2008) . To definitively test how cortical APC may mediate spindle orientation in response to cadherin, then, we will first need to understand how cadherins determine APC cortical localisation in order to specifically ablate it. Our observation that junctional localization of APC was abolished both by dominant negative cadherin and cadherin knock-down implies an upstream role for cadherin receptors in the junctional localization of APC. However, although APC can bind -catenin, this interaction is thought not to occur when -catenin is associated with cadherins (Gottardi and Gumbiner, 2001) . Indirect Spindle orientation was not affected by E-cadherin KD alone (two-tailed MannWhitney test, P >0.05), but was affected by KD of both E-cadherin and cadherin-6 (P <0.0001). Correct spindle orientation in double KD cells was restored by expression of human E-cadherin-GFP (P >0.05). 
